Introduction
Anterior cruciate ligament (ACL) injury is a musculoskeletal pathology in the knee that results in altered movement patterns (Chmielewski et al., 2001; Gardinier et al., 2012; Rudolph et al., 1998 Rudolph et al., , 2001 ) that persist despite surgical reconstruction and rehabilitation (Butler et al., 2009; Hooper et al., 2002; Patterson et al., 2014; Roewer et al., 2011; Varma et al., 2014; Webster et al., 2012a; Webster et al., 2012b; Zabala et al., 2013) . Changes in joint kinematics and kinetics after ACL injury have been postulated to initiate degeneration of joints both directly and indirectly affected by the injury, by altering the location and magnitude of load bearing regions of articular cartilage (Andriacchi et al., 2004) . For example, altered knee mechanics early after ACL injury have been linked to radiographic osteoarthritis (OA) within the tibiofemoral joint (Wellsandt et al., 2015) . Aberrant kinematics and kinetics are also associated with OA in joints indirectly affected by ACL injury, such as the patellofemoral joint (Culvenor et al., 2014; Culvenor et al., 2016 ). An increased risk of patellofemoral joint OA in the presence of abnormal knee biomechanics suggests other joints in the lower extremity chain may also be at risk of joint pathology.
Movement patterns in the hip joint of the injured limb are also altered after ACL injury (Di Stasi et al., 2013; Di Stasi and SnyderMackler, 2012; Ferber et al., 2002; Hall et al., 2012; Hart et al., 2015; Hurd and Snyder-Mackler, 2007; Noehren et al., 2013; Paterno et al., 2010) . Ferber et al. hypothesized that changes in movement patterns in the hip may be a compensatory effort by ACL-deficient individuals to reduce anterior tibial translation (Ferber et al., 2002) . Biomechanical hip strategies appear to be dependent on the extent of aberrant joint motion at the knee. Patients with smaller knee joint moments, angles, and excursions during gait display smaller hip joint moments, angles, and excursions in the sagittal plane compared to those with more normal gait patterns after ACL injury (Alkjaer et al., 2003; Di Stasi et al., 2015; Torry et al., 2004) . Because individuals who develop post-traumatic knee OA demonstrate biomechanical knee asymmetry early after ACL injury (Wellsandt et al., 2015) , and because larger alterations in knee joint biomechanics lead to larger alterations in hip joint biomechanics, patients who develop knee OA after ACL injury may demonstrate greater changes in hip joint movement patterns than those who do not develop post-traumatic knee OA.
The purpose of this study was to determine if hip joint biomechanics early after ACL injury and reconstruction differ between patients with and without post-traumatic knee OA at 5 years after ACL reconstruction. Because smaller knee joint angles and moments are associated with reduced hip joint angles and moments and also with post-traumatic knee OA development, we hypothesized that patients with radiographic knee OA at 5 years after ACL reconstruction would demonstrate asymmetrically smaller hip joint angles and moments in the involved hip early after injury and reconstruction compared to those without radiographic knee OA at 5 years. The findings of this study will provide rationale for whether further investigation of abnormal movement patterns at the hip is warranted in individuals at risk for post-traumatic knee OA after ACL injury. If alterations in hip biomechanics are found in individuals with post-traumatic knee OA, future study will be needed to determine if these changes in hip biomechanics also predispose these individuals to the development of hip pathology.
Methods

Subjects
Nineteen patients were included. All had been part of a larger, randomized control trial of 55 patients determining the effects of augmenting pre-operative rehabilitation with specialized neuromuscular training called perturbation training (Hartigan et al., 2010) . All patients had a complete, unilateral ACL injury (confirmed by a positive Lachman test and 3-mm or greater difference in anterior tibial excursion with instrumented arthrometry (KT1000; MEDmetric Corporation, San Diego, CO) (Daniel et al., 1994) within the previous 7 months and were between the ages of 14-51. Patients were regular participants in level I (e.g. soccer, basketball) or II (e.g. tennis, downhill skiing) cutting and pivoting activities (Daniel et al., 1994; Hefti et al., 1993) prior to injury and demonstrated dynamic knee instability after injury (classified as noncopers pre-operatively (Fitzgerald et al., 2000) ). Exclusion criteria included a repairable meniscus, symptomatic grade III injury to other knee ligaments, and full-thickness articular cartilage lesions > 1 cm 2 . This study was approved by the Institutional Review Board at the University of Delaware and all patients completed written informed consent.
Patients were initially enrolled in this study within 7 months of ACL injury after effusion, range of motion, pain, and obvious gait impairments were resolved and quadriceps strength was at least 70% of the uninvolved limb through utilization of a physical therapy protocol described by Hurd et al. (Hurd et al., 2008) Following study enrollment, patients completed an additional 10 pre-operative rehabilitation sessions to further restore lower extremity strength and neuromuscular control (Hartigan et al., 2010) . All patients underwent ACL reconstruction by a single, board-certified orthopedic surgeon using either a four-bundle semitendinosus-gracilis autograft or soft tissue allograft. Progressive, criterion-based post-operative rehabilitation was completed by all patients early after surgery (Adams, 2012) . Gait analysis was completed at 5 time points (Fig. 1) : pre-operatively after initial impairment resolution (baseline), immediately following 10 sessions of additional pre-operative rehabilitation (post-training), 6 months after ACL reconstruction (6 months), 1 year after ACL reconstruction (1 year), and 2 years after ACL reconstruction (2 years). Radiographs were completed 5 years after ACL reconstruction.
Gait analysis
Kinematic and kinetic data was collected during gait analysis at baseline, post-training, 6 month, 1 year, and 2 year testing. Eight infrared cameras (VICON, Oxford Metrics Ltd., London, UK) sampled at 120 Hz were used to detect the position of sixteen-millimeter spherical retro-reflective markers placed at each iliac crest, greater trochanter, medial and lateral femoral epicondyle, medial and lateral malleoli, superior and inferior heel, base of the first metatarsal, and base of the fifth metatarsal. This marker set has previously been shown to have excellent intersession reliability (Di . Rigid, thermoplastic shells each with four markers were secured laterally at each thigh and shank, and a pelvic shell with three markers was secured midway between the posterior superior iliac spines to track segment motion during gait. A standing calibration was used to identify joint centers and create local coordinate systems for each segment.
Patients walked at a self-selected speed along a 6-meter walkway with an embedded force plate sampled at 1080 Hz (Bertec Corporation, Worthington, OH). Walking speed was established during the baseline testing session and maintained ( ± 5%) at each follow-up session using a timing system. Stance phase joint angles and external moments were processed using inverse dynamics within custom software (Visual 3D, C-Motion, Germantown, MD) as the average of 5 walking trials. Kinematic and kinetic data were low pass filtered at 6 Hz and 40 Hz, respectively. Initial contact and end of stance were identified using a 50-Newton threshold. All trials were normalized to 100% of stance. External moments were normalized to mass (kg) and height (m). Variables of interest were peak hip joint angles and external moments during any part of stance phase in the sagittal plane and during the first 50% of stance phase (weight acceptance) in the frontal plane. Hip joint excursion was calculated as the difference between the peak hip flexion angle and peak hip extension angle during stance. Interlimb differences in joint angles and external moments were also calculated for each variable (involved limb minus uninvolved limb).
Radiographs
Patients completed bilateral weightbearing posterior-anterior (PA) bent knee (30°) radiographs 5 years after ACL reconstruction. SigmaView software (Agfa HealthCare Corporation, Greenville, SC) was used to view radiographs. The Kellgren-Lawrence (KL) system was used to grade OA in the medial tibiofemoral compartment (Kellgren and Lawrence, 1957) . We have demonstrated excellent between-day, intrarater reliability for KL grading using 20 radiographs included in a larger project of patients at 5 years after ACL injury (graded by EW; Cohen's kappa (κ): 0.904, P: < 0.001). All Kellgren-Lawrence grades were verified by a board-certified orthopedic surgeon. The presence of OA in the medial tibiofemoral compartment was operationally defined as a KL grade greater than or equal to 2.
Statistical analysis
Statistical analyses were completed using PASSW 23.0 software (SPSS Inc., Chicago, IL). Independent t-tests and Fisher's exact tests were used to test differences in baseline characteristics and concomitant injuries between those with and without radiographic knee OA (OA, nonOA) 5 years after ACL reconstruction. Two-way mixed design analyses of variance (ANOVA) were used to test differences in hip joint angles and external moments (separate model for the involved limb and for the interlimb difference in each variable) with a between subjects factor of OA and within subjects factor of time. Post-hoc testing was completed using Bonferroni corrections. Minimal detectable change (MDC) values for interlimb differences in hip kinematics and kinetics were established from 15 healthy, active subjects (Table 1 ) tested within our lab at self-selected gait speed. Minimal detectable changes and effect sizes (ES) (Cohen, 1988) were used qualitatively to determine if meaningful asymmetry existed between limbs. A priori statistical significance was set at α ≤ 0.05.
Results
Baseline characteristics
In total, 19 patients completed gait analysis at all 5 time points (baseline, post-testing, 6 months, 1 year, and 2 years) and radiographs 5 years after ACL reconstruction (Fig. 2) . Five patients demonstrated radiographic medial compartment OA in their ACL-injured knee at 5 years while 14 did not. No differences in knee symptoms and function were present at 5 years after ACL reconstruction between those with and without medial knee OA on the Knee Outcome Survey Activities of Daily Living Scale (Irrgang et al., 1998 ) (P: 0.075, no knee OA: 98.5 (SD: 3.1); knee OA: 94.9 (SD: 5.1)), the International Documentation Committee 2000 Subjective Knee Form (AOSSM, 2000) (P: 0.123, no knee OA: 95.9 (SD: 7.3); knee OA: 89.9 (SD: 6.3)), or worst pain scores on a 0-10 point visual analog scale (P: 0.779, no knee OA: 0.1 (SD: 0.4); knee OA: 0.2 (0.4)). No baseline differences existed in age, mass, body mass index (BMI), sex, pre-injury cutting and pivoting activity level, Fig. 1 . Timeline of patient data collections for gait analysis (baseline, post-training, 6 months, 1 year, 2 years) and knee radiographs (5 years). Clinical Biomechanics 50 (2017) 63-69 graft type, or gait speed between those did and did not later develop knee OA (Table 2 ). There were also no group differences in the time between ACL injury to baseline testing nor to ACL reconstruction, or from ACL reconstruction to 5-year radiographic testing (Table 2) . Further, the proportion of patients who had radiographic lateral compartment knee OA in the involved limb or medial compartment OA in the uninvolved limb did not differ between those with and without involved limb medial compartment knee OA at 5 years (Table 2) .
Hip flexion angle
A main effect of group was present for peak hip flexion angle in the involved limb as those who did develop knee OA at 5 years walked with a lower hip flexion angle across the 5 time points than those who did not develop knee OA (Mean across 5 time points: P: 0.043; no knee OA: 31.3°(SD: 1.4°); knee OA: 25.3°(SD: 2.4°); ES: 0.88) (Fig. 3) . A significant interaction effect existed between those who did and did not develop knee OA in the interlimb difference (involved limb minus uninvolved limb) of peak hip flexion angle (P: 0.038) with statistically significant group differences present only at 1 year (P: 0.040, no knee OA: 1.3°(SD: 0.8°); knee OA: − 2.1°(SD: 1.3°)) (Fig. 3) . However, meaningful interlimb asymmetry exceeding the minimal detectable change of 3°only existed in patients who did not later develop knee OA at 6 months (Table 3) .
Hip flexion moment
A main effect of time was present in peak external hip flexion moment in the involved limb (P: < 0.001) (Fig. 4) . The peak external hip flexion moment for all patients, independent of the presence of knee OA at 5 years, decreased over time from post-training to 2 years. The peak external hip flexion moment at 2 years (0.60 Nm/kg·m (SD: 0.15 Nm/ kg·m)) was significantly lower than all previous testing time points (baseline: P: < 0.001, 0.75 Nm/kg·m (SD: 0.21 Nm/kg·m); posttraining: P: 0.002, 0.77 Nm/kg·m (SD: 0.23 Nm/kg·m); 6 months: P: 0.020, 0.69 Nm/kg·m (SD: 0.22 Nm/kg·m); 1 year: P: 0.017, 0.66 Nm/ kg·m (SD: 0.17 Nm/kg·m)). A main effect of time also existed in the interlimb differences (involved limb minus uninvolved limb) of peak external hip flexion moment (P: 0.021) (Fig. 4) . The symmetrical external hip flexion moment demonstrated by all patients at 6 months (independent of the presence of knee OA at 5 years) (0.01 Nm/kg·m (SD: 0.10 Nm/kg·m)) was significantly different from the asymmetrical lower external hip flexion moment in the involved limb compared to uninvolved limb at 1 year (P: < 0.001; − 0.09 Nm/kg·m (SD: 0.13 Nm/kg·m)) and 2 years (P: 0.031; −0.07 Nm/kg·m (SD: 0.13 Nm/ kg·m)). However, these asymmetries at 1 and 2 years were driven by the large asymmetries in patients who did later develop knee OA (1 year: − 0.18 Nm/kg·m (SD: 0.08 Nm/kg·m); 2 years: −0.13 Nm/kg·m (SD: 0.09 Nm/kg·m)) and not by those who did not later develop knee OA (1 year: 0.01 Nm/kg·m (SD: 0.10 Nm/kg·m); 2 years: − 0.01 Nm/kg·m (SD: 0.12 Nm/kg·m)).
Hip adduction moment
Differences between those who did and did not develop knee OA at 5 years were also present in the frontal plane. A main effect of group existed in the interlimb difference for peak external hip adduction moment. Patients who did not develop later knee OA walked with an asymmetrically higher external hip adduction moment in the involved limb compared to the uninvolved limb across all 5 times points while patients who did develop later knee OA walked with an asymmetrically lower external adduction moment (Mean interlimb difference across 5 time points: P: 0.042; no knee OA: 0.09 Nm/kg·m (SD: 0.13 Nm/kg·m); knee OA: −0.05 Nm/kg·m (SD: 0.17 Nm/kg·m); ES: 0.95) (Fig. 5) . No further biomechanical differences in the hip existed between those who did and did not develop later knee OA (Table 3) .
Discussion
Review of findings
The purpose of this study was to determine if hip joint biomechanics early after ACL injury and reconstruction differ between patients with and without post-traumatic knee OA at 5 years after ACL reconstruction. Our findings indicate that patients who develop medial compartment knee OA within 5 years of ACL reconstruction walk with less involved hip flexion motion and asymmetrically lower peak external hip adduction moments both before and after surgery compared to their counterparts who did not develop knee OA at 5 years. In addition, and irrespective of the presence of knee OA at 5 years, all subjects demonstrated higher magnitudes of peak external hip flexion moment in the involved limb prior to ACL reconstruction that decreased over postoperative time points up to 2 years after surgery.
The presence of altered hip joint motion and loading after ACL injury is not surprising. Alterations in movement after ACL rupture are known to not only include changes in joint angles and moments in the knee but also proximally in the hip (Alkjaer et al., 2003; Di Stasi et al., 2015; Ferber et al., 2002; Hall et al., 2012; Noehren et al., 2013; Torry et al., 2004) . Of greater interest is the finding that patients who developed radiographic OA in the ACL-injured knee within 5 years of reconstruction exhibited smaller joint angles and greater asymmetries in joint moments early after ACL injury and reconstruction than their counterparts who did not develop knee OA at 5 years. In our study, patients with medial compartment knee OA walked with lower peak hip flexion angles in both limbs. Patients who did develop later knee OA also walked with asymmetrically lower peak external hip adduction moments both prior to and 6 months after ACL reconstruction and asymmetrically lower peak external hip flexion moments at 1 and 2 years after surgery. In contrast, those who did not develop later knee OA walked with symmetric hip flexion moments and asymmetrically higher hip adduction moments in the involved compared to uninvolved limb across time points.
Biomechanical changes in proximal and distal joints within the kinetic chain exist presumably to compensate for altered knee joint motion after ACL injury (Hurd and Snyder-Mackler, 2007) . The decreasing peak external hip extension moment in the involved limb demonstrated by all patients from pre-operative time points up to 2 years after reconstruction is not surprising as moments in the knee increase over this same time period (Roewer et al., 2011) .
The current analysis investigated differences in hip biomechanics between those with and without post-traumatic OA in the medial compartment of the knee. Hart et al. reported biomechanical hip findings of patients with lateral compartment knee OA 12 years after ACL reconstruction (Hart et al., 2015) . Patients after ACL reconstruction had larger peak hip flexion angles compared to healthy control subjects, but no further kinematic or kinetic hip differences were found. The larger hip flexion angles reported by Hart and colleagues are in contrast to the smaller hip flexion angles exhibited by those with medial compartment knee OA in the current study. Several methodological differences between the two studies may explain this difference. The current study examined hip angles and moments within 2 years of ACL injury and reconstruction and used the contralateral limb and patients without radiographic OA for comparison. Hart et al. examined hip biomechanics 12 years after ACL reconstruction and referenced healthy controls for comparison; uninvolved limb measures were not reported. The findings of the two studies may also differ because lower extremity biomechanics influencing development of medial compartment knee OA may be different than those influencing lateral compartment OA.
Clinical implications
Although early evidence suggests that lower joint loading after ACL injury may be a precursor to post-traumatic OA development in the knee (Wellsandt et al., 2015) , it is unknown if lower joint loading (i.e. asymmetrically lower external hip flexion and adduction moments in patients who did develop later knee OA in the current study) is detrimental or protective to the articular cartilage of the hip. A review of over 230,000 lower extremity total joint arthroplasties from the Australian Orthopaedic Association National Joint Replacement Registry and the Norwegian Arthroplasty Register found that contralateral noncognate joints are at a higher risk for future end-stage OA than joints on the ipsilateral limb (Gillam et al., 2013) . Therefore, the possibility that the risk of contralateral hip OA could increase from asymmetrically higher joint moments in the contralateral hip of individuals who did develop later knee OA cannot be dismissed. The current findings suggest that greater asymmetries in hip joint biomechanics exist both before and early after ACL reconstruction in patients who develop post-traumatic medial knee OA by 5 years after surgery compared to those who do not develop knee OA. Abnormal movement patterns at the hip represent a modifiable factor that may need to be addressed during rehabilitation already focused on improving movement patterns at the knee. However, because the hip joint may compensate for distal changes in the knee (Ferber et al., 2002) , the potential influence of restoring normal hip movement patterns on the knee joint must be considered. Further study is warranted to determine if ACL-injured patients at highest risk of post-traumatic knee OA are also subject to a greater risk of non-traumatic hip pathology, including OA development in either the ipsilateral or contralateral hip joint. If ACL injury does increase risk for chronic hip pathology, integration of secondary hip prevention strategies will be required by ACL rehabilitation protocols.
Limitations
The association between altered hip biomechanics and development of non-traumatic hip OA cannot be concluded from the current study. Diagnostic imaging of the hip joint was not completed 5 years after ACL reconstruction when radiographic knee testing was done. Further, although no subjects experienced additional hip joint pathology diagnosed by a physician or physical therapist during the time between ACL injury and 5 year testing, subjective reporting of hip symptoms that may represent underlying hip pathology was not completed. Diagnostic imaging of the patellofemoral joint was also not completed at 5 years, and analyses of those with lateral compartment knee OA was not completed in this study. Patients presenting with post-traumatic OA in these other knee compartments may also demonstrate unique alterations in hip biomechanics early after ACL injury. It is also acknowledged that multiple comparisons in hip biomechanics were made between those who did and did not develop later knee OA presenting risk for type I errors. However, group differences exceeded minimal detectable change values of biomechanical variables used in this study mitigating this risk.
Conclusions
Patients with medial knee OA 5 years after ACL reconstruction walked with smaller sagittal plane hip angles and lower sagittal and frontal plane hip moments in the ACL-injured limb before and after ACL reconstruction compared to those who did not develop knee OA at 5 years. The current findings suggest hip joint biomechanics may be altered in patients who develop post-traumatic knee OA. Further study is needed to confirm whether the risk of non-traumatic hip pathology is increased after anterior cruciate ligament injury and if hip joint biomechanics influence its development.
